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Abstract—Critical aircraft structural components, such as
wings and fuselages, are exposed to harsh environments that
vary considerably in temperature and moisture content. In most
cases, the corrosion is hidden under paint and primer and cannot
be visually detected. The initiation of corrosion is preceded by
the presence of corrosion precursor pitting. Near-field millimeter-wave nondestructive testing (NDT) methods have been successfully used for detecting corrosion precursor pitting in exposed
as well as painted aluminum substrates. However, near-field millimeter-wave measurements are susceptible to clutter that may
mask indications of small defects such as pitting. Standoff distance
variation produces an unwanted intensity gradient on an image
and may be considered the most undesired clutter-producing
effect. This paper presents a differential millimeter-wave probe
consisting of a pair of radiating apertures. It is shown that the
differential nature of this probe tends to significantly reduce the
undesired effect of standoff distance variation, thereby enhancing
probe detection sensitivity. Furthermore, when this probe is used
for the purpose of millimeter-wave imaging, it produces defect
indications with unique features that help in distinguishing the
defect from noise. This dual differential probe was used for detecting corrosion precursor pitting. The design of the probe and the
results of detecting various pittings are presented in this paper.
Index Terms—Corrosion, differential probe, millimeter waves,
nondestructive testing (NDT), pits.

I. I NTRODUCTION

C

RITICAL aircraft structural components, such as wings
and fuselages, are exposed to harsh environments that
vary considerably in temperature and moisture content. These
varied environmental conditions lead to corrosion of these components. In most cases, the corrosion is hidden under paint and
primer and cannot be visually detected. Thus, detection is only
possible when corrosion becomes severe and causes blistering
of the paint. When this happens, a relatively large area must
be rehabilitated, which may require significant time, resources,
and downtime of the aircraft. The initiation of corrosion is preceded by the presence of corrosion precursor pitting. Detection
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of precursor pitting yields information about the susceptibility
to corrosion initiation [1]–[3]. The size (area and depth) of
a precursor pitting is naturally very small (i.e., fractions of a
millimeter); otherwise, when it becomes relatively large, the
corrosion process has already started.
Near-field millimeter-wave nondestructive testing (NDT)
techniques have been successfully used for detecting corrosion under thin and relatively thick dielectric coatings such
as paint and composite materials [4]–[7]. Recently, near-field
millimeter-wave NDT methods have also been successfully
used for detecting corrosion precursor pitting in exposed as well
as painted aluminum substrates [8], [9]. Near-field millimeterwave NDT methods, using different types of probes such as
open-ended rectangular waveguides, offer many advantages
when inspecting complex composite structures [10]. However,
all of these probes are susceptible to clutter, referred to any
undesired signal, which masks indications of small defects such
as pitting. The primary source of clutter in such measurements
is standoff distance variation. Standoff distance is the distance
between the aperture of a probe and a test specimen.
In this paper, the detection of pitting is represented by images
that represent the severity and the spatial distribution of the pit.
Such an image is produced by raster scanning a test specimen
using an automated two-dimensional (2-D) scanning table that
moves the specimen underneath a probe held at a fixed standoff distance above it. Raster scanning produces a 2-D matrix
consisting of measured data (commonly a dc voltage [10])
proportional to the local reflection properties of the specimen.
These voltages are then normalized with respect to the dynamic
range of the entire collected data, and different grayscale levels
are assigned to them, resulting in a corresponding image of
the scanned area. An image produced in this way provides
information about relative signal variation in that image only,
and the same two grayscale levels in two different images do not
correspond to the same detected voltage values [10]. Therefore,
in some cases when two images need to be compared, their
matrices can be augmented first, and then, the new matrix is
normalized, and a new image is produced. In this way, the
voltage outputs in different regions of the original two images
scan can be directly compared.
When raster scanning an area for the purpose of imaging
corrosion pitting, a few tens of micrometers change in standoff
distance across an image may totally mask pitting indications,
consequently making real-time imaging practically impossible
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for this purpose. If the standoff distance is measured, then by
knowing the relationship between the standoff distance and the
output of the probe, one could compensate for the adverse effect
of standoff distance change. Compensation is referred to as
removing or reducing the effect of standoff distance change
from the output of the probe (i.e., the probe output should be independent of standoff distance and should be only dependent on
the reflection properties of the specimen under test). To reduce
the effect of standoff distance variation, Qaddoumi et al. [11]
used a distance meter utilizing a potentiometer that attaches to
the side of the probe, and while scanning, the change in the
standoff distance is continuously measured, and its effect on
the probe output voltage is subsequently removed. This method,
albeit effective in removing adverse effect of standoff distance
variation, suffers from several limitations.
• The potentiometer tip is always in contact with the specimen under test.
• Compensation is based on the standoff distance at the side
of the probe and not directly beneath the probe aperture.
• Compensation dynamic range is small (only a linear region
of less than quarter wavelength), and it increases probe
sensitivity to standoff distance change outside this region.
• It requires calibration.
The primary objective of this investigation has been to detect
very small corrosion pitting under paint while keeping the
adverse influence of clutter (most notably standoff distance
variation) to a minimum. Additionally, the measurement requirements call for a rapid, noncontact, and robust system. Consequently, to achieve these goals while eliminating most of the
limitations in the previous standoff distance variation removal
approach [11], the design and development of a dual differential approach was undertaken. This paper presents the design
and testing of a dual differential probe consisting of a pair
of identical probing apertures that, when utilized in tandem,
significantly reduce the adverse effect of standoff distance variation while overcoming most of the limitations associated with
the approach mentioned above. This dual differential probe
has many other advantages such as being small and portable
for on-site measurements. As will be seen later, millimeterwave images of small pitting were produced using the dual
differential probe. These images exhibit unique features that
indicate the effectiveness of this probe as a real-time NDT tool.
II. D UAL D IFFERENTIAL P ROBE
A. Design and Principle of Operation
The basic schematic of the dual differential probe is shown
in Fig. 1. This probe consists of a millimeter-wave source, a
magic tee (hybrid coupler), two identical waveguide aperture
probes, and a detector. A continuous-wave (CW) oscillator such
as a Gunn oscillator is used to generate a signal in the V-band
frequency range (50–75 GHz), which is then fed to the sum
(Σ) port of the magic tee through an isolator that prevents
unwanted reflections from entering the oscillator. The magic
tee serves two purposes. First, it divides the signal from the
oscillator into two equal in-phase and magnitude signals at its
collinear arms, each of which are connected to identical open-
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Fig. 1. Basic schematic of the dual differential probe.

ended rectangular waveguide aperture probes via two identical
transmission lines. These aperture probes, when placed over a
specimen under test, irradiate localized and immediate areas
beneath them and pickup reflected signals from the specimen.
These reflected signals subsequently travel back to the magic
tee through the same two transmission lines.
The second purpose of the magic tee is to redirect the two
reflected signals from each probe aperture to the detector. If the
two reflected signals are labeled S1 and S2 , the magic tee will
generate 0.5(S1 + S2 ) at its sum port, which is then absorbed
by the isolator. On the other hand, the difference of the reflected
signals 0.5(S1 − S2 ) appears at the difference (∆) port of the
magic tee and is subsequently fed to the diode detector, resulting in a dc voltage measured by a digital voltmeter (DVM). This
voltage represents the difference between the reflected signals
measured by each aperture probe.
Since the two waveguide apertures of the dual differential
probe are adjacent to each other, the dual differential probe
senses the difference between reflected signals from close-toeach other areas on the test specimen. While scanning a test
specimen, if the two reflected signals are identical in magnitude
and phase (e.g., the two waveguide apertures are probing areas
with identical features), then the input signal to the detector will
be zero (i.e., coherent difference between these two reflected
signals), resulting in no detector output voltage. However, when
one of the waveguide apertures senses a small localized target
such as a pitting, the signal input to the detector will no longer
be zero, and the detector produces a voltage proportional to the
magnitude of the difference signal.
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Fig. 3. Comparison between the V-band typical single-probe standoff distance
response and that obtained using a dual differential probe at 67 GHz.

Fig. 2. Realization of the dual differential probe at V-band.

The effectiveness of this dual differential probe in removing
the adverse effect of standoff distance variation is illustrated
here since variation in standoff distance affects both apertures
equally, resulting in no change in the output of the dual differential probe.
Ideally, the dual differential probe should not be affected
by standoff distance variation no matter how severe this variation may be. However, the qualities of commercially available
components, such as the magic tee, influence the ultimate
practical response of this probe to standoff distance variation.
The response of the dual differential probe to standoff distance
variation will be discussed later. It must be mentioned that
half of the power from each reflected signal is absorbed by
the isolator at the sum port. Although this may be considered
a negative issue, usually, commercial diode detectors are very
sensitive, and only a relatively small signal level at the detector
is required to produce a detectable output voltage. Therefore,
a 3-dB loss of the signal does not have a significant undesired
effect on the measurements as long as there is adequate power
associated with the difference signal appearing at the detector.
B. Removal of Standoff Distance Variation
A V-band prototype of the dual differential probe is shown
in Fig. 2. The waveguide section connecting the magic tee to
the dual waveguide apertures were machined out of a block
of aluminum. The terminal ends of these waveguide sections
were then used as the open-ended rectangular waveguide probe
apertures. This dual differential probe was used to produce the
results presented in this paper. However, first, it is necessary to
compare the output signal characteristics of this dual differential probe and a single probe as a function of standoff distance.
In this investigation, the single probe is referred to a system that
has similar circuitry to the dual differential probe (oscillator,
magic tee, and detector), where one of the collinear arms is connected to the open-ended rectangular waveguide (the probing
aperture), and the other is connected to a fixed reference (i.e.,
short circuit or a matched load). Fig. 3 shows the responses of a
V-band single probe and the dual differential probe to standoff

Fig. 4. Response of the V-band dual differential probe to standoff distance
variation at three frequencies.

distance change when irradiating a flat aluminum plate. As
expected, the single probe produced a changing voltage in the
range 300–1400 mV as a function of increasing standoff distance. On the other hand, the dual differential probe produced a
fairly flat response at around 10 mV, except at distances equal
to multiples of half wavelength. These small peaks are due
to the fact that the system is not totally balanced. Therefore,
sharp changes in the signal, such as the 180◦ phase jump at
every half wavelength, cause these peaks to appear. Balance
of the dual differential probe depends on three factors, namely
1) the characteristics of the magic tee, 2) the waveguide sections
connecting to its collinear ports, and 3) the probing apertures.
For the dual differential probe to be balanced, the two apertures
as well as the two waveguide sections should be identical.
Furthermore, if the signal at the collinear ports of the magic
tee are labeled S1 and S2 , then the signals at the sum port
will be a1 S1 + a2 S2 , and at the difference port, the signal
is a1 S1 − a2 S2 . If a1 = a2 , then the magic tee is balanced
(i.e., ideally a1 = a2 = 0.5).
Since the pittings of interest are very small, small standoff
distances of less than 2 mm were used while producing images
of a pitting using this V-band dual differential probe. At these
small distances, the output of a single probe changes by more
than 0.5 mV for every micrometer of standoff distance change,
whereas the changes in the output of a dual differential probe
are negligible, as shown in Fig. 3. Considering the fact that the
signal dynamic range obtained for pitting of interest does not
exceed a few tens of millivolts, standoff distance change of few
micrometers can easily mask the image of a pitting.
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Fig. 5.

Millimeter-wave images of a small piece of clear tape on an aluminum plate at 67 GHz using (a) dual differential probe and (b) single probe.

Fig. 6.

Millimeter-wave images of a small piece of clear tape on a slanted aluminum plate at 67 GHz using (a) dual differential probe and (b) single probe.

As mentioned earlier, the performance of the dual differential
probe is highly dependent on the quality of the components
used to construct it. It is difficult to obtain components that have
flat response at all frequencies within a given band. Fig. 4 shows
the response of the dual differential probe (as shown in Fig. 2)
to standoff distance variation at several frequencies. Clearly, a
change of ±2 GHz around 66.5 GHz affects the performance
of the dual probe significantly. This V-band prototype was
experimentally determined to have good overall performance
at 67 GHz. Therefore, all of the results presented in this paper
are obtained at this frequency.
The following experiment was performed to demonstrate
the ability of dual differential probe in removing the effect of
standoff distance change when producing an image. A small
patch of clear tape (1 × 1 × 0.1 mm in dimensions) was placed
on an aluminum plate and scanned using the dual differential
and a single probe. This patch of tape is difficult to detect since
it is very thin, spatially small, and expected to have similar
reflection properties to a thin layer of corrosion (i.e., similar
dielectric properties). First, the aluminum plate was placed
flat on the scanning table and raster scanned. The resulting
images for the tape are shown in Fig. 5. Fig. 5(a) shows the
image obtained by the dual differential probe. As expected,
the background of the image is very clear and does not show
any traces of clutter. This image shows two horizontally spaced
indications of opposite intensities (dark and bright). The distance between the two indications is 7 mm, which corresponds
to the distance between the two probing apertures. During the
scanning process, each time one of the probing apertures comes
over the tape, an indication is registered in the image. Since the
dual differential probe is utilizing two probing apertures, two
indications for the tape are obtained. These two indications have
opposite intensities due to the fact that, from the detector’s point
of view, the two probing apertures are 180◦ out of phase. Each
of the two indications shows features similar to those obtained
using open-ended rectangular waveguide apertures [9]. These

1623

features include the spots in the middle of each indication and
the surrounding rings. On the other hand, in the image obtained
using the single probe [Fig. 5(b)], the contrast appears to
be significantly lower (i.e., the image looks rather faint) since
the probe was affected by a slight standoff distance change
appearing as a gradient of intensity change across (from left
to right) the image.
In another experiment, the aluminum plate was slanted,
resulting in a standoff distance change of 2 mm across the
scanned area. The specimen was scanned again using the dual
differential and the single probe, and the resultant images
are shown in Fig. 6. As expected, the dual differential probe
was negligibly affected by this standoff distance changes, as
shown in Fig. 6(a). The background of the image is fairly
uniform, showing minimal effect of varying standoff distance.
More importantly, the two indications with opposite intensities
are still clearly visible in this image. On the other hand, the
image obtained using the single probe [Fig. 6(b)] shows that the
probe was severely affected by the changing standoff distance,
and subsequently, there is no indication of the tape in this image
compared with the image shown in Fig. 5(b).
C. Other Clutter Sources
In addition to changes in standoff distance, there are other
clutter sources that may potentially mask indications of small
defects. Due to the dual probe’s differential nature, any clutter
source that affects both of the probing apertures equally will
not be registered in the resulting image. Some of these clutter
sources are as follows: sharp edges on the specimen under test,
paint thickness variation, and oscillator instability. Variation
in the thickness of a dielectric coating such as paint has a
similar effect as variation in standoff distance. If paint thickness
changes in an area larger than the combined area of the dual
differential probe apertures, both apertures will register the
same change. Hence, the final output will not be affected.
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Oscillator power or frequency instability, which may be
caused by changes in the temperature or changes in the oscillator bias voltage, may cause significant undesired changes
in the output of a single probe. However, the dual differential
probe eliminates these variations since they affect both probes
equally. A variation in the output power of the oscillator
changes the sensitivity of the dual probe to the presence of
defects by changing the amount of power radiated onto the
specimen and subsequently reflected back from it. However,
unless this variation is a significant decrease in the oscillator
power, any resulting adverse effect is negligible. The effect of
frequency change in the oscillator on the performance of the
dual differential probe is dictated by the frequency response
of the components used in its construction such as the magic
tee. Practically, it is difficult to build components that have
a flat frequency response throughout V-band. However, small
changes in the frequency of operation, for example, changes
of less than 0.5 GHz at V-band, have minimal consequences.
Furthermore, oscillators that are stable to within these limits
are relatively easy to obtain commercially.
Another clutter source that single probes suffer from is edge
effect associated with physical edges of the specimen under
test such as weld and lap joints. Edge effect causes standing
wave pattern on the specimen and is subsequently manifested
by interference lines appearing in an image. These lines are
parallel to the edges of a panel and are spaced by half of
a wavelength [12]. Edge effect is accentuated if the metal
substrate is covered by a thin dielectric coating such as paint.
Thin dielectric coatings such as paint promote the presence of
surface wave on the panel [9].
Since the electric field in a rectangular waveguide is linearly
polarized, only edges that are orthogonal to the electric field
polarization cause interference in the image. In the case of
the dual differential probe, if the two probing apertures are
at the same electrical distance from the edge, the interference
from the edge is automatically cancelled. To maintain the same
electrical distance from the probing aperture to the edge, two
cases may be considered. If the probing apertures are joined
from their narrow walls, then the dual differential probe should
be placed such that the edge is parallel to the broad wall of
the probing apertures. If the two probing aperture are joined by
their broad walls, then the distance between the centers of the
probing apertures should be λ/2, where λ is the wavelength.
In the case where the edge is not orthogonal to the electric
field, then the dual differential probe may reduce or boost the
influence of edge effect depending on the angle between the
probing apertures and the edge. All that said, it is fairly easy to
observe the presence of an edge on a panel under test and fix
the orientation of the dual differential probe accordingly.
III. P ITTING D ETECTION
Several aluminum panels containing pitting of various sizes
and properties were produced for this investigation. One 3-mmthick aluminum panel was placed in a salt fog chamber to produce natural pitting. The second aluminum panel had three sets
of identical laser-machined pittings with openings (diameters)
and depths ranging from 100 to 500 µm. One set of pittings

Fig. 7. Image of the naturally pitted sample obtained using the V-band dual
differential probe at 67 GHz.

was left exposed, whereas the other two sets were covered
by a thin layer of paint and appliqué (paint-like polymer),
respectively. The third aluminum panel had three exposed sets
of laser-machined pittings with depths and diameters in the
range of 200–400 µm with several different spacing between
the pittings. In one set, the pittings were spaced 6 mm apart,
and in the other two, the spacing was 12 and 20 mm.
Fig. 7 shows the dual probe image of an area on the first
panel containing natural pitting under three layers of clear tape
simulating paint. Unlike the case of a single probe where the
spatial resolution of the probe depends only on the type of
probe, the spacing between the apertures in a dual differential probe is also an important factor influencing the spatial
resolution. The spacing between the apertures is a function
of the aperture dimensions. Larger apertures will be spaced
further apart than smaller apertures. Pittings that are spaced
less than the spacing between the dual probe apertures will not
be represented with separate indications. This fact is illustrated
in Fig. 7, where closely parched pittings produce images that
merge together. This is not a major issue from the detection
point of view since larger pittings will dominate the detection
scene, and detections of smaller pitting in the close proximity
of large pittings become significantly less critical.
Fig. 8 shows the image of three laser-machined pittings under
appliqué (second panel) with diameters of 500 µm and depths
of 150, 200, and 500 µm. This image shows the three pittings in
the form of dual indications of opposite intensities with a clear
background, as expected. This image represents the raw data
obtained from the dual differential probe without any signal
or image processing. These pittings were previously imaged
using a single probe, where the image was severely affected
by the presence of edge effect [9]. Fig. 9 shows the image of a
laser-machined pitting with a diameter of 150 µm and depth of
500 µm under paint. In this image, the background does not
seem to be as uniform as in the previous images. This is due to
the variations in the paint thickness, especially around the pit.
Since this plate was painted after the pits were laser machined,
more paint concentrated around the pit. The dual differential
probe senses some of these paint variations since they are
localized. However, the unique indication produced by the dual
probe (dual indications of opposite intensities) stands out from
all other clutter in the image. This fact reduces the chances of
missing a defect or the number of false indications.
The capability of the dual differential probe to reduce clutter
is not affected by the type of probing apertures as long as they
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Fig. 8. Image of three pits 500 µm in diameters and depths of (from left to right) 150, 200, and 500 µm under appliqué obtained at 67 GHz using the V-band
dual differential probe.

Fig. 9. Image of a 150-µm-deep and 500-µm-diameter pit under paint obtained using the V-band dual differential probe operating at 67 GHz.

are identical. However, the detection sensitivity of the dual
differential probe is directly related to the type and characteristics of probing apertures used with the dual differential
probe. One type of the probing apertures that enhances the
detection sensitivity of a millimeter-wave system is a dielectric
waveguide probe. The dielectric waveguide is made out of
a low-loss dielectric material with high permittivity (e.g., a
ceramic with εr = 9.8). The dielectric waveguide is made into
a slab with equal height to that of the narrow dimension of a
rectangular waveguide. The optimum width of the dielectric
slab was determined to be 13% of the broad dimension of
the rectangular waveguide [9]. One end of the dielectric slab
was inserted into the rectangular waveguide to couple the
signal from and to the slab. The other end, which has a much
smaller aperture than the open-ended rectangular waveguide
(the commonly used probing aperture), was used as the probing
aperture. Consequently, the electromagnetic field concentrates
mainly at the aperture of the dielectric slab, which results
in a sensitive and high-resolution probe [9]. Two identical
dielectric slabs were made and used as probing apertures with
the dual differential probe. Fig. 10 shows an image of a set of
laser-machined pittings with diameter and depth in the range
200–400 µm (third panel) obtained using the V-band dual differential probe with dielectric waveguides as probing apertures.
In this image, the dual inverse indication, which is a signature
of the dual differential probe, is preserved. Furthermore, pitting
indications do not have rings associated with them and appear
as a single spot (features of a dielectric waveguide aperture
[9]). Except for the smallest of these pittings (200 µm in
diameter and depth), all of these pittings are visible.
IV. S UMMARY AND D ISCUSSION
Near-field millimeter-wave techniques are powerful tools
for the purpose of detecting corrosion precursor pittings under paint. Traditional near-field millimeter-wave probes suffer
from effects of clutter such as standoff distance variation that

Fig. 10. Image of a set of pits 200–400 µm in diameter and depth obtained
using a V-band dual differential probe operating at 67 GHz and employing
dielectric waveguide probes.

severely limit their detection capabilities. The output of the
dual differential probe is the coherent difference between the
reflection properties of two closely spaced areas on the sample
under test. Therefore, the effect of clutter such as standoff
distance variation is inherently removed from the output. This
probe is also stable against any changes in temperature that lead
to oscillator instability.
The overall performance of the dual differential probe is
governed by the quality of components used to construct it,
in particular, the magic tee. The balance of the magic tee
depends on the frequency of operation. Even full-band magic
tees do not have a constant balance throughout the band. The
V-band dual differential probe was found to be fairly balanced
at 67 ± 0.5 GHz.
Since the dual differential probe is not affected by standoff
distance change or any other clutter source, real-time imaging
becomes more feasible. The images produced by the dual probe
will not require any postprocessing to enhance the detection
schemes. Moreover, the unique signature of the dual differential
probe (i.e., the dual indication with opposite intensities) makes
identifying pittings from noise fairly easy. Basically, one should
look for bright and dark indications with a known spacing
(spacing of apertures) in the image.
The dual differential probe was used to image natural and
laser-machined pitting exposed and under paint. By reducing the effect of standoff distance variation and other clutter sources, the dual differential probe produced images of
these pittings with high contrast. The unique features of the
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indications help in identifying the pittings from other anomalies
that may be present on the image. The spatial resolution of the
probe depends significantly on the footprint of the probing aperture used. If the footprint of the probing aperture is larger than
the spacing between the pittings, then their respective indications will be combined in the image. Using dielectric
waveguides, the spatial resolution and detection sensitivity of
the dual differential probe are increased without sacrificing its
clutter removing performance.
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